The 6 Π electronic ground state of the Co + 2 diatomic molecular cation has been assigned experimentally by x-ray absorption and x-ray magnetic circular dichroism
spectroscopy in a cryogenic ion trap. Three candidates, 6 Φ, 8 Φ, and 8 Γ, for the electronic ground state of Fe + 2 have been identified. These states carry sizable orbital angular momenta that disagree with theoretical predictions from multireference configuration interaction and density functional theory. Our results show that the ground states of neutral and cationic diatomic molecules of 3d transition elements cannot generally be assumed to be connected by a one-electron process. 1-4 The complexity of the electronic structure of 3d diatomics is further reflected in a number of conflicting results from theoretical predictions and experimental studies [5] [6] [7] [8] [9] [10] [11] [12] on the electronic ground states of Fe 2 and Co 2 that have extensively been discussed in the literature. [1] [2] [3] [4] The current agreement among theory for neutral Fe 2 and
Co 2 diatomic molecules is on 9 Σ − g and 5 ∆ g ground states, respectively. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Experimental data, on the other hand, has resisted to yield a conclusive picture. [5] [6] [7] [8] [9] [10] [11] [12] From a different point of view, the possibility of aligning molecules in magnetic fields 24, 25 and the question of the fundamental limits of the magnetic anisotropy energy that is responsible for a preferred axis of alignment of the magnetic moment naturally lead to diatomic molecules of 3d transition elements and their complexes. [17] [18] [19] [20] Again, the predicted magnetic anisotropy energy relies on an accurate determination of the electronic states and their relative energies.
At present there is only limited experimental information on the spin and orbital magnetic moments of gaseous 3d transition-metal molecules or molecular ions. In particular for free as determined by gasphase x-ray magnetic circular dichroism (XMCD) spectroscopy [34] [35] [36] [37] [38] [39] [40] that was only recently introduced for free molecular ions. 39, 40 All states that are found in our study carry significant orbital angular momentum that disagrees with theoretical preferences for Σ states.
II. EXPERIMENTAL SETUP AND METHODS
Molecular ions are produced by magnetron sputtering of high-purity (99.95 %) iron or cobalt sputtering targets with argon (99.9999 %) at ≈ 100 sccm flow rate and helium (99.9999 %) buffer gas at ≈ 500 sccm flow rate in a liquid-nitrogen cooled gas-aggregation cluster source. 41 During formation, these ions are cooled to ≈ 150 K by multiple collisions with buffer gas atoms at p ≈ 1 mbar stagnation pressure. This allows for depopulation of excited states. The ions are collected at the source exit by a radio-frequency hexapole ion guide and are transmitted through a differential pumping stage into a radio-frequency quadrupole mass filter. After mass selection, Fe + 2 or Co + 2 diatomic molecular cations are accumulated in a liquid-helium cooled linear ion trap and are thermalized to T = 10 − 20 K by collisions with helium buffer gas at p ≈ 10 −3 mbar, equivalent to a helium atom number density of n ≈ 10 14 cm −3 . The ion trap housing was kept at a temperature of ≈ 4 K but the resulting ion temperature will in any case be higher than the ion trap housing or electrode temperature because of inevitable radio-frequency heating 42 that competes with collisional cooling and sensitively depends on buffer gas and radio-frequency parameters. Further relaxation of any remaining excited electronic state is achieved by typical storage (half-life)
times of the parent ions on the order of 1 − 10 s in the ion trap.
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An elliptically polarized and monochromatic soft x-ray beam, delivered by variable polarization undulator beam line UE52-PGM/SGM of the synchrotron radiation facility BESSY II, is coupled in along the axis of the ion trap. The incident photon energy was scanned across the L 2,3 absorption edges to probe 2p → 3d transitions of iron or cobalt with a photon energy bandwidth of 625 meV in 250 meV steps. L 2,3 (2p → 3d) core excitation is followed by
Auger decay cascades that lead to multiple ionization and dissociation of the excited parent ion. The most intense product ion that results from 2p core excitation and relaxation is the atomic dication for both Fe For XMCD spectroscopy, the ion trap is placed inside the homogeneous magnetic field (µ 0 H = 5 T) of a superconducting solenoid. [35] [36] [37] [38] [39] [40] 44 Following the standard procedures, the XMCD spectrum is obtained as the difference of x-ray absorption spectra that are recorded with parallel and antiparallel orientation of the photon helicity relative to the direction of the applied magnetic field. The isotropic x-ray absorption spectrum is obtained by taking the average of the spectra of both photon helicities. XMCD sum rules 45, 46 are applied to these spectra to derive expectation values of spin and orbital angular momentum in the ensemble average.
While the orbital angular momentum sum rule 45 of x-ray magnetic circular dichroism can be applied without complications, the spin sum rule 46 potentially contains contributions of the magnetic dipole term T z and therefore delivers an effective spin magnetic moment
This magnetic dipole term T z is a second order multipole contribution that is related to the difference of the quadrupole moments of the charge distributions for spin-up and spin-down electrons. A sizable T z contribution to the spin sum rule can be observed if the absolute value of T z is large and the experiment is performed in a non-isotropic geometry. This is typically the case for surfaces and thin films. These molecular electronic configurations correspond to n h (Fe of the experimental values whereas for Co + 2 only the 6 Π state falls directly within the range of the experimental data. However, more states have to be considered if a non-vanishing contribution of the magnetic dipole term T z to the effective spin is to be taken into account.
IV. ELECTRONIC GROUND STATES OF FE

Contribution of the magnetic dipole term T z to the effective spin magnetic moment
A strong magnetic field at low temperature leads to an alignment of diatomic molecular ions with nonvanishing orbital angular momentum. 24, 25 In this anisotropic situation, possible contributions of the magnetic dipole term T z to the effective spin magnetization 46 have to be considered, because these could affect the experimental ratio of orbital-to-effective-spin magnetization. [47] [48] [49] [50] [51] In cylindrical symmetry, the magnetic dipole term has components parallel (T ) and perpendicular (T ⊥ ) to the molecular axis, with 2 T ⊥ = −T . These will cancel out in the angular average of freely rotating states. In non-fully aligned pendular states 24,25 , both T and T ⊥ will contribute to the effective spin with their opposite signs, resulting in a low effective T z .
To estimate a possible contribution of T z to m eff S , we start from the maximum value of T z that is present in the free atom. This value will be reduced by the formation of bonds.
We therefore estimate T z in the molecular ion to be ≤ 2/3 of the average of the absolute values in the asymptotic atomic and ionic contributions, which are 7 T z = −2 for 3d 6 ;
7 T z = − for 3d 7 ; and 7 T z = for 3d 8 configurations. 59, 60 In addition, we take an incomplete alignment of the molecular axis into account by further reduction to ≤ 1/2 of these values. We thus consider − /2 ≤ 7 T z ≤ /2 per atom for Fe 
61-65
An additional complication could arise from non-integer occupation numbers in the 3d derived states because of a possible mixing of 3d σ and 4s σ orbitals. Since only spin but no orbital angular momentum can be transferred between 3d σ and 4s σ states, this would again affect the observed ratio of orbital-to-effective-spin magnetization. Electron transfer between 3d σ and 4s σ states could occur in either direction and can be taken into account as an additional variation S 3d−4s of the effective spin. We estimate the transfer of 0.5 electrons as an upper limit per molecule, equivalent to an additional contribution of − /4 ≤ S 3d−4s ≤ /4 to the effective spin per atom, which is added to the 7 T z contribution. This leads to a total of −3 /4 ≤ 7 T z + S 3d−4s ≤ 3 /4 per atom for Fe Our estimate is a conservative one because it takes into account both, maximum T z and maximum 3d σ/4s σ electron transfer contributions at the same time. For Co + 2 , one might even expect a cancellation of T z because of the opposite signs of T z in 3d 7 
V. COMPARISON TO THEORETICAL PREDICTIONS AND PREVIOUS EXPERIMENTAL RESULTS
Even though diatomic molecules and molecular ions of the 3d transition elements have been extensively treated computationally over the last decades, 1-4 often as benchmark systems, the ground states of many of these species have not been identified unambiguously because of computational challenges and because of the lack of experimental confirmation.
Most of the available theoretical studies on iron and cobalt diatomics treat neutral molecules, with fewer predictions available for the diatomic cations. One assumption that is often made to lower the computational demand when predicting the electronic ground state of diatomic molecular cations is that the spin multiplicities of the neutral and the cationic ground state differ only by ±1, i.e. that the ground state of the molecular cation can be reached from the neutral molecule in a one-electron process.
A. Predicted ground states of Fe
The di-iron molecular cation has been modeled by density functional theory at different We therefore propose to follow an unrestricted and unbiased theoretical approach in the search of the electronic ground state.
B. Predicted ground states of Co
+ 2
In contrast to Fe + 2 for which the only experimental data that is available is the bond dissociation energy 27, 56 , an attempt has been made to assign the electronic ground state of Co + 2 from matrix-isolation electron spin resonance spectroscopy at 2 K in a neon matrix.
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The observed electron spin resonance signal was interpreted to arise from a 6 Σ state which agrees on the multiplicity but disagrees on the orbital degeneracy with the 6 Π state identified as the ground state in our work. This discrepancy might arise from the selective sensitivity of electron spin resonance spectroscopy to an excited Σ state of Co + 2 as this state was only observed if the matrix was not annealed.
The few existing density functional theory studies on cationic Co + 2 consistently predict a ground-state spin multiplicity of 2S + 1 = 6 in agreement with the experimental results presented here. However, the calculations predict Σ or Γ symmetry of the ground state.
4,33
Both symmetries can be excluded from our experimental result.
In contrast to the case of Fe by the removal of a 3d π minority electron.
VI. CONCLUSION AND OUTLOOK
The experimentally determined 6 Π ground state of Co Berlin.
